Introduction
Printed wiring board (PWB) for electric packaging requires high density and microscaled wiring. As miniaturization of the Cu wiring proceeds, an increase in the resistance of Cu wires and a decrease in the reliability due to electro-migration will be more and more serious problems. This drawback is similar to one of the problems in large scale integrations (LSIs). Carbon nanotubes (CNTs) are promising material for LSI interconnects, because CNTs have very unique properties, such as a capability for a high current density, mechanical strength, and high thermal conductivity. CNTs are ideal materials for wiring or reinforcement of the Cu interconnects in the packaging technology, because interconnects with a low resistance and a high current density is realized. Up to now, multiwalled carbon nanotubes (MWNTs) have been applied to the via hole interconnects. In this study, MWNTs are synthesized by a remote plasma chemical vapor deposition (PCVD) at low temperature [1] . Because interconnect process in the LSI process is performed below 400℃ the PCVD technique can be used. When CNTs are applied to the PWB, on the other hand, a PCVD is unsuitable because the materials used in the PWBs are generally low-heat-resistance materials. We have to develop a new technique suitable for the PWB technology.
In this paper, we describe a new fabrication technique of CNTs wiring on PWBs, in which the whole process is performed at room temperature or at least below 150℃ and basically in liquid phase. Therefore the present technique is compatible with the conventional PWB process.
Experiments
Fig . 1 shows schematics of process flow to form the CNT sheets. This is very simple process that consists of dropping and drying of CNTs on a surface on which hydrophobic/hydrophilic patterns are formed. CNTs are transferred from the hydrophobic areas to the hydrophilic areas and gathered during the drying process (b). At the same time, the drying process makes CNTs to be aligned (c). Aftter the solution is completely dried, aligned CNTs are formed on the hydrophilic areas (d). CNTs used in this work were single-walled nanotubes (SWNTs) synthesized by the HiPco method. First, SWNTs (0.2～0.3 g/L) were dispersed into a Brij-700 (H(CH 2 OCH 2 ) 100 OC 18 H 37 ) aqueous solution (1g/L) using sonication. Brij-700 is a non-ionic detergent that can be used to the SWNTs soluble [2] . Next, the SWNTs were dissociated from the bundles by filtering (bore diameter is 450nm). We prepared three kinds of substrate. The first was a SiO 2 /Si substrate cleaned by a mixture of H 2 SO 4 and H 2 O 2 . The second one is an octadecyltrichlorosilane (OTS) modified hydrophobic surface. The third substrate was modified with 3-aminopropyl-triethoxysilane (APTES) to make the surfaces cationic as well as hydrophilic. OTS and APTES were deposited by the dipping method. The SWNT suspension was dropped on these substrates. the substrates were dried at 150℃. Formed SWNTs sheets were observed by Scanning Electron Microscope (SEM).
To design SWNT pattern, SWNT suspension was dropped onto patterned surfaces that were composed of hydrophobic and hydrophilic areas formed by using the OTS and APTES. After the SWNTs suspension was dropped, the substrate was dried at room temperature. Fig. 2 shows SEM images of SWNT sheets on which SWNTs were dropped (a) on an OTS-modified surface (hydrophobic) and (b) on an APTES-modified surface (hydrophilic). It is important whether the surface is hydrophobic or hydrophilic in the sheet formation process using the present process. On the OTS hydrophobic surface, SWNTs are not basically adsorbed on the surface because SWNT surface was hydrophilic due to modification using the Brij-700. Therefore, the SWNTs were non-uniformly concentrated. It was found, however, that the aligned SWNTs were formed on CNT concentrated areas on the OTS-modified surface. On this surface, SWNTs are transferred and assembled during the drying process. But, on the APTES hydrophilic surface, SWNTs are not transferred, and therefore, the SWNT sheets are uniform over the surface. However, an alignment process does not work on this surface. From these results, we employed the following process: we use the hydrophobic areas to align the direction of the SWNTs and the hydrophilic areas to gather the SWNTs that are excluded from the hydrophobic areas.
Results and Discussion
Then, the SWNTs suspension was dispersed on a Si substrate surface on which hydrophobic-hydrophilic regions were fabricated. Fig.3 shows SEM images after dropping SWNTs on the patterned substrate, followed by the drying process. SWNTs were transferred from the hydrophobic areas (outside the circles) to the hydrophilic areas (inside the circles). Fig.3 (b) and (c) shows the magnified images on the hydrophilic areas. Aligned SWNTs were observed near the boundary between the hydrophobic-hydrophilic areas. Therefore, the direction of SWNTs was not aligned around the center of the hydrophilic areas. If SWNTs suspension is dropped on the narrower area, SWNTs would be more aligned. The SWNT concentration of the suspension and the drying temperature are also important conditions to form aligned SWNTs sheets. For example, the density and the alignment features of SWNTs in a sheet was found to be dependent on the drying temperature.
Summary
We have developed a new fabrication process of CNT sheets that can be applied to the PWB process. In our experiments, hydrophilic and hydrophobic regions were fabricated and the dispersed CNTs were dropped on this surface. The CNTs deposited on the hydrophobic areas are transferred to the hydrophilic regions during the drying process. As a result, aligned SWNT sheets were formed only on the hydrophilic regions. This process is very simple and suitable for the PWB process.
